Cubic-SiC nanowires were synthesized using activated carbon powder and Si substrate in vacuum at 1200-1350
Introduction
SiC nanowires have gained interest in optoelectronics, high temperature, and high-power applications owing to their excellent chemical, physical, and electronic properties [1, 2] . Various methods have been used to grow SiC nanowires, which include laser ablation [3] , chemical vapor deposition [4] , carbothermal reduction [5] , and thermal evaporation process [6] . To explain the formation of the nanowires, three different mechanisms have been proposed, which are vapor-liquid-solid (VLS) growth mechanism [6, 7] , solid-liquid-solid (SLS) growth mechanism [8] , and vaporsolid (VS) growth mechanism [9] [10] [11] [12] , depending on the configuration of growth/deposition condition and sources of raw materials. Most techniques involved VLS and SLS growth mechanisms, in which a metal catalyst droplet has been used as a nucleation site for adsorption of SiC vapor phase during the growing process of nanowires [6] [7] [8] . However, the nanowires are contaminated by metal residue that is originated from the catalyst [13] . Therefore, some studies have been performed without using any catalyst. Zhang et al. [14] have used silica xerogel and carbon nanoparticles as the source materials to deposit cubic-SiC nanowires on alumina substrate. They were using carbothermal reduction process that performed at Ar ambient. Using the similar set up, Gundiah et al. [5] have replaced the carbon nanoparticles and Ar gas flow with activated carbon and NH 3 or H 2 gas, respectively, to produce the same product. The source materials are initially decomposed, reacted and deposited on a substrate, and then nanowires are grown, without consuming any material from the substrate. The production of the cubic-SiC nanowires is according to VS mechanism. In this paper, an alternative route to produce cubic-SiC nanowires is being reported. The nanowires have been grown simultaneously from a Si substrate using an appropriate amount of activated carbon powder under medium vacuum and high temperature conditions. The growth mechanism of the nanowires is totally different from those reported in the literatures.
Experimental
The growth of SiC nanowires was performed in a vacuum furnace as schematically outlined in Figure 1 . A one surface polished and precleaned n-type <100> oriented Si substrate was used as the Si source and was placed on top of a columniform graphite crucible that contained an appropriate amount of activated carbon powder (8.5 at % of O and 91.5 at % of C). The average particle size of the activated carbon powder obtained from a particle size analyzer was 13.55 μm. To hold the substrate firmly, a graphite block was placed on top of the substrate. The whole setup was placed in the middle of the vacuum furnace that had been evacuated down to 10 m Torr (1.333 × 10 −9 GaP). The furnace was then heated up at a rate of 15
• C/ min to a temperature range of 1200 to 1350
• C and it was maintained for 1 to 4 hours. After that, the furnace was cooled down (15 • C/ min) in the existing vacuum condition to room temperature. The asgrown SiC nanowires were characterized by field emission scanning electron microscopy (FESEM) (LEO GEMINI FESEM), X-ray diffraction (XRD) (PANalytical X'pert PRO MRD PW3040), transmission electron microscope (TEM) (Phillips CM12), and Raman spectroscope (Jobin Yvon HR 800 UV). Figure 4: Raman spectrum of sample produced at 1300
• C for 4 h.
Results and Discussions
Figure 2(a) shows an FESEM micrograph of nanowires growing from clusters of SiC that have been grown on Si substrate at 1350
• C for 4 h. The phases of the nanowires have been investigated by XRD ( Figure 3 ) and it has been revealed that the sample contains cubic (3C)-SiC. The 3C-SiC peaks appear at 2θ = 36.6
• , 41.2 • , and 73.9
• , which represent the diffraction of 3C-SiC (111), (200), and (222) planes, respectively. The obtained values are well matched with JCPDS card no. 29-1129 for the 3C-SiC. Besides SiC phases, an extremely intense Si (400) plane has also been detected. This is originated from single crystalline Si substrate. Due to the high intensity of the single crystal, all of the diffraction peaks have been suppressed. There are additional two diffraction peaks, which are unable to match with either Si, SiC, or C phases available in standard JCPDS library. Other than XRD analysis, Raman spectroscopy has also proven that SiC had been produced using this method (Figure 4 ). An obvious transverse optical (TO) phonon mode of SiC is recorded at a Raman shift of 796 cm −1 [15] . The nanowires are randomly oriented and tangled together with diameter ranging from 10 to 30 nm and length up to several micrometers (Figure 2(a) ). A nanowire is nucleated at a cluster of SiC, which is clearly shown in TEM image presented in Figure 2 (b). The production of this nanowire is believed to be governed by six processes that are (1) diffusion of C and/or CO into Si substrate, (2) weakening of Si-Si bond and atomic kick-out, (3) formation of Si-C in vapor phase due to vapor-solid reaction, (4) formation of saturated SiC layer, (5) formation of pyramid-like SiC nanostructure due to relaxation of compressive strain at lateral direction, parallel to Si surface, and (6) formation of SiC nanowires due to relaxation of compressive strain at vertical direction. These processes have been supported by the observation being demonstrated at different growth temperature and time, whereby the transformation of the nanostructures has been proposed.
The diffusion of C and/or CO into Si surface may be attributed to the following reactions. Carbon atoms initially reacted with a limited amount of oxygen that resided in the activated carbon powder and formed carbon monoxide (CO) gas:
Based on Boudouard reaction, in this investigation temperature, CO 2(g) is almost impossible to be formed. It is confirmed that when carbon is reacted with oxygen, CO (g) is produced. Concurrently, oxygen is also reacted with Si substrate to for SiO (g) :
In addition, activated carbon [C (s) ] may be vaporized [C (g) ] [16] with the assistance of CO gas:
According to the extrapolation from phase diagram of carbon, at medium high vacuum and high-temperature condition, carbon in activated form can be transformed into gas phase [17] . Due to existence of vacuum in the furnace and difference in pressure inside and outside of the crucible, emission of CO and/or C gaseous may drift upward. As a result, CO (g) and/or C (g) may diffuse towards surface of the Si substrate. The C (g) may directly react with Si substrate and form SiC:
Simultaneously, CO (g) may also react with the Si substrate in a vapor-solid reaction:
The proposed reactions (4) and (5) are responsible for the nucleation of SiC. In order for the nanowires to grow, reaction (6) may take place,
The by-product [O (g) ] of reactions (5) As the growth temperature increases, bonding of Si-Si in the Si substrate may be weakened; eventually the Si-Si bonds are dissociated and Si atoms, in gas phase, are released. This process may be enhanced by kick-out effect due to indiffusion of CO and/or C gaseous [18] . The in-diffusion rate is increased as the growth temperature increases. The 4 Journal of Nanomaterials difference in molecular or atomic diameter of CO or C with respect to Si may induce a volume change and lattice strain to the surrounding atoms. Therefore, a higher strain is produced in the Si lattice that ultimately may lead to crack formation on the Si surface. The dissociation of Si-Si bonds and generation of cracks (inset of Figure 5(a) ) forms a very porous Si surface ( Figure 5(a) ), suggesting that Si atoms have been removed [9] . The removed Si atoms in gas phase may react with CO and/or C to form SiC molecules and subsequently the molecules may be deposited on the porous Si surface as small clusters. Figure 5(b) reveals the small clusters of SiC formed at 1250
• C for 1 h. At higher temperature (1300
• C), while maintaining the time, layers of SiC are formed (inset of Figure 5(c) ) on Si substrate due to a higher reaction rate between Si and C as well as CO. This reaction is enhanced by the temperature as more carbon sources are able to diffuse deeper inside the Si lattice through the cracks that have been generated earlier. The SiC layers consist of spherical and faceted structures ( Figure 5(c) ). The formation of this structure may be due to the following explanation.
The molecular size of SiC is larger as compared to Si and C atoms. Thus, the equilibrium structure of Si lattice is disturbed when SiC is formed and it may induce a compressive strain onto the surrounding atoms. The strain needs to be released in order to achieve an equilibrium condition in the system. The relaxation may be achieved by releasing additional energy (in terms of force) in lateral (which is parallel to Si surface) and/or vertical directions. Since the releasing of energy is easier in lateral direction than in vertical direction, therefore, the lateral force should be larger than the vertical force. Consequently, a layer of SiC is formed laterally. Until certain extent, when the compressive strain is so high that it cannot be released through the lateral or vertical force, then cracks are generated on the surface of the SiC layers.
As the temperature is further increased (1350 • C), carbon sources may further diffuse deeper into the cracked Si substrate and SiC layers so that it could further be reacted with Si to form more SiC. Since the surface of the Si has been transformed into SiC, the only path for the carbon-related source to diffuse deeper inside is through the cracks. In order for the carbon-related source to form SiC, Si source must be available and the only Si available source is from Si substrate. If the carbon-related source is only interact with the initial layer of SiC surface, which has been formed on top of the Si substrate, and not diffused into the crack, most probably deposition of carbon is observed rather than growing of SiC. However, in this work, it has been proven that SiC nanowires have been produced and, therefore, the production of the nanowire is via a growing process and not a deposition process. The difference in molecular size of SiC and atomic size of Si may again cause a redistribution of the atoms and molecules in the lattice laterally and/or vertically, so that the induced strain can be relaxed. The spherical and faceted SiC layer structures are now transformed into pyramidlike structures with stacked SiC layers ( Figure 5(d) ). The formation of this structure is considered a localized epitaxial growth [19] . When the growth time is prolonged, from 1 h to 4 h, SiC nanowires started to form (Figure 2(a) ). The nanowires are originated from the tip of pyramid structures as revealed in Figure 6 . The transformation of pyramidlike SiC nanostructures into nanowires is probably due to the relaxation of compressive strain at vertical direction as it is much easier if compared to at lateral direction. The relaxation of compressive strain at vertical direction may induce larger vertical force. Consequently, nanowires are protruded from the pyramid structure and elongated vertically.
Conclusions
The growth mechanism of 3C-SiC nanowires was proposed based on the results obtained from a heated Si substrate and activated carbon power in vacuum at 1200 to 1350
• C for 1 to 4 h. Six different processes were responsible for the formation of the nanowires, namely, (1) diffusion of C and/or CO into Si substrate, (2) weakening of Si-Si bond and atomic kick-out, (3) formation of Si-C in vapor phase due to vapor-solid reaction, (4) formation of saturated SiC layer, (5) formation of pyramid-like SiC nanostructure due to relaxation of compressive strain at lateral direction, and (6) formation of SiC nanowires due to relaxation of compressive strain at vertical direction.
